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Sister chromatid cohesion and chromosome
condensation are both essential to the successful
completion of mitosis. The recent identification and
characterization of the yeast Mcd1p/Scc1p protein
reveals a previously unsuspected mechanistic link
between these processes.
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It is a beautiful image that many of us have seen in
textbooks or films: interphase chromosomes condense to
form thickened ‘threads’; the condensed pairs of sister
chromatids jiggle madly as they are captured by the
spindle, ultimately lining up at the metaphase plate; then
suddenly the sisters synchronously separate from one
another as they are pulled apart to opposite poles of the
cell. The mitotic dance of the chromosomes captured the
eye of cytologists over 100 years ago, beginning with
Walther Flemming’s studies of salamander cells in 1882
(cited in [1]) and continues to fascinate today’s biologist.
Recent studies with the yeast Saccharomyces cerevisiae are
providing insights into the molecular mechanisms of
chromosome choreography and clues to the way these
processes are regulated during the cell cycle.
Basic steps for chromosome dancing
There are many intrinsic processes necessary for orches-
trating the chromosome mitotic dance, and in the past
decade significant advances have been made in several
areas. For instance, molecular motors have been identified
that move the chromosomes, the role of microtubule
assembly/disassembly in chromosome capture and move-
ment has been more clearly defined, and components
involved in regulating mitotic events have been identified
(for reviews, see [2–5]). It has, however, been harder to
determine the mechanisms underlying two particular
important processes: chromosome condensation — how
chromosomes condense out of interphase to prepare for
mitosis — and sister chromatid cohesion — how sister
chromatids remain together after DNA replication until
they separate at anaphase. 
For the duplicated chromosomes — the sister chromatids
— to be segregated with high fidelity during cell division,
there must be a mechanism to ensure that each partner in
the pair ‘knows’ where the other is when the decision to
segregate is made. Nature has chosen a simple solution to
this complex problem: keep the partners attached from
the time they are created until chromosome segregation
occurs. But how do sister chromatids remain together? Part
of the answer is provided by a consequence of DNA repli-
cation — after replication, the two sister chromosome
products are catenated and cannot be separated without a
break in one of the double strands. Topoisomerase II, a
chromosome-associated enzyme that can pass one double-
stranded DNA molecule through another, is required to
resolve the intertwined sister chromatids [6]. There is,
however, compelling evidence for additional chromosomal
proteins that act as a ‘glue’ to tether sister chromatids to
one another [7,8]. In S. cerevisiae, for instance, newly
replicated circular plasmids are not catenated when cells
are arrested after S phase but before anaphase, yet the
plasmids remain associated [8].
A potential problem for chromosomes, particularly for
large ones, is that they may become entangled during the
mitotic dance. This could have dire consequences when
the forces of chromosome segregation are applied. It has
been suggested that chromosome condensation helps to
alleviate this problem by shortening the effective length
of the chromosome (reviewed in [9]). Consistent with this
hypothesis, the large mammalian chromosomes are com-
pacted 5–10-fold in length in going from interphase to
mitosis, whereas the smaller S. cerevisiae chromosomes are
compacted less than twofold. Condensation may also play
a role in efficiently resolving the catenanes generated by
chromosome replication (see [10]) — it may help to
unlink the sister chromatids by forcing the crossed
duplexes of replicated DNA to pack densely into limited
regions of the chromosome, where they become substrates
for topoisomerase II. 
A set of genes that were originally identified by their
requirement for the stable maintenance of chromosomes
— for which they were dubbed SMC genes — have been
implicated in chromosome compaction. The SMC genes
encode a family of proteins with eukaryotic and prokary-
otic members, and recent evidence suggests that the
eukaryotic representatives are required for chromosome
condensation. S. cerevisiae has four SMC genes, three of
which are essential for viability (reviewed in [9]). The cor-
responding gene products appear to be associated with
chromosomes, and smc mutations result in a defect in chro-
mosome segregation. In addition to the segregation
defect, chromosome condensation is impaired in smc2
strains [11]. The conservation of Smc action between
species is evident in mitotic extracts of Xenopus laevis. In
these extracts, Xenopus Smc proteins — such as XCAP-E
and XCAP-C — localize to mitotic chromosomes, and they
have been shown to play an essential role in chromosome
condensation in vitro [9,12].
What is the signal for synchronized loss of sister chromatid
cohesion? While the destruction of B-type (mitotic)
cyclins, and the corresponding loss of their associated
kinase activity, is required for exit from mitosis, the modi-
fication or destruction of other proteins is also required for
sister chromatid separation [4,13,14]. Separation depends
on the Anaphase Promoting Complex (APC), a multisub-
unit complex required for proteolysis of mitotic cyclins as
well as of other proteins [4]. The APC appears to act by
tagging proteins with ubiquitin; once tagged, the proteins
are destined for proteolytic destruction by the proteasome.
Likely targets of the APC are the proteins that ‘glue’ the
chromatids together or their regulators. Rapid, global
destruction of such proteins would allow synchronous
release of chromatids from one another.
Yeast brings them together
Studies of chromosome changes during the cell cycle have
profited most from analyses of organisms with chromo-
somes that are large and easily visible by conventional
light microscopy. Even with its small chromosomes,
however, S. cerevisiae is now establishing itself as a better
system for studying chromosome dynamics. The advan-
tages of S. cerevisiae for biochemical and, particularly,
genetic studies have recently been enhanced by develop-
ments that allow chromosomal loci to be visualized in
small budding yeast cells. These are fluorescent in situ
hybridization (FISH) and, in particular, the use of fusion
proteins involving green fluorescent protein (GFP), which
allows visualization in living cells [8,15].
Two laboratories have now identified a promising
candidate protein for the job of holding sister chromatids
together before anaphase [16,17]. Interestingly, this
protein also plays a role in chromosome compaction in
yeast. The gene S. cerevisiae MCD1/SCC1 — for mitotic
chromosome determinant 1 or sister chromatid cohesion 1,
respectively — was identified in three different genetic
screens. In a screen for genes involved in sister chromatid
cohesion, Guacci et al. [16] identified MCD1/SCC1 by a
temperature-sensitive mutation that resulted in inviability
after mitotic arrest, but not after G1 arrest. Although this
phenotype is similar to those caused by mutations of
mitotic checkpoint genes, this allele differed in that
mutant cells did not escape the mitotic arrest and go on to
divide. MCD1/SCC1 was also identified as a high-copy sup-
pressor of an smc1 mutation (see above). Michaelis et al.
[17] screened for potential APC substrates, focusing upon
components involved in sister chromatid cohesion. They
first identified mutants that lost chromosomes at a high
rate, and then screened for those that could still separate
sister chromatids in the absence of APC. In addition to
mcd1/scc1 mutants, smc1 and smc3 mutants were identified
in this screen. 
Using FISH and GFP-tagging methods, both Guacci et al.
[16] and Michaelis et al. [17] showed that sister chromatids
separate prematurely in mcd1/scc1 yeast strains. In haploid
cells, chromatids were distinguished as joined or sepa-
rated, depending on whether one or two fluorescent spots
were seen. Nocodazole, which arrests cells in mitosis, nor-
mally prevents sister chromatid separation and cytokine-
sis. In wild-type strains, one spot was seen in cells from
nocodazole-arrested cultures, whereas the cells from
mcd1/scc1 mutant cultures were seen mostly to have two
spots during nocodazole arrest. This observation showed
that, in mcd1/scc1 mutants, sister chromatids can separate
while the cells are still blocked in mitosis. Both groups
also examined chromatid cohesion at centromere-proximal
and distal sites and found that Mcd1p/Scc1p is required at
multiple sites along the chromosome [16,17]. This is con-
sistent with conventional cytological observations of larger
mitotic chromosomes, which are seen as paired along their
entire length. 
Consistent with its inferred function, Mcd1p/Scc1p
localizes to chromosomes, and both its abundance and
localization are regulated throughout the cell cycle [16,17].
Levels of Mcd1p/Scc1p are undetectable during early G1,
accumulate in S and early G2, and decline during late
G2/mid-M phase. Mcd1p/Scc1p associates with chromo-
somes as its abundance increases in late G1/S phase, and
dissociates from chromosomes during or just before the
onset of segregation (though it is still detectable in nuclei
at this time). These observations are in contrast to those of
Pds1p, another yeast protein that helps prevent premature
loss of chromatid cohesion and whose APC-mediated
destruction is required for sister chromatid separation
[18,19]. Pds1p destruction is somewhat delayed in
mcd1/scc1 strains, but occurs well after the sister chro-
matids have separated [17]. This suggests that Pds1p is
not involved directly in cohesion, but may play a regula-
tory role in the anaphase transition.
Coalescence
These new results argue for a direct link between chromo-
some cohesion and condensation [16,17]. First, Smc1p, a
‘chromosome condensation’ protein, and Mcd1p/Scc1p
appear to form a complex on chromosomes: they immuno-
precipitate together in a complex, overexpression of
MCD1/SCC1 suppresses the temperature-sensitive lethal-
ity of an smc1 allele, and Mcd1p/Scc1p is unable to associ-
ate with chromosomes when SMC1 is mutated. But the
most compelling piece of evidence for the link is that
mcd1/scc1 yeast strains are defective in chromosome con-
densation. Condensation is monitored by labeling a chro-
mosome at a number of sites along its length and
monitoring the change in distance between the FISH
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signals during the cell cycle [9,16]. In wild-type cells, the
fluorescent signals are dispersed in G1 phase, while fewer,
more closely spaced, signals are observed in mid-M phase;
mcd1/scc1 strains retain dispersed signals throughout the
cell cycle.
Guacci et al. [16] present a simple model for how
Mcd1p/Scc1p manages its seemingly dual role in condensa-
tion and cohesion (Figure 1). The model proposes that
Mcd1p/Scc1p, and perhaps other proteins, bind to
chromosomes at numerous cohesion sites along their length.
After DNA replication, proteinaceous Mcd1p/Scc1p-con-
taining bridges hold the chromatids together at these sites.
Chromosome condensation occurs by bringing together
neighboring cohesion sites and looping out the chromatin
between these sites. This could be mediated by interactions
between Mcd1p/Scc1p molecules or between Mcd1p/Scc1p
and other proteins. The cohesion and condensation activi-
ties may act in a concerted, cooperative manner, or there
may be independent regulation of the two processes
through Mcd1p/Scc1p.
This model is quite attractive, for it draws upon views of
cohesion and condensation that are founded on the strik-
ing pictures of lampbrush chromosomes (Figure 2) [20].
Although looping may very well play a role in chromosome
condensation, it is important to note that it may represent
only one step in the process of compaction, particularly in
organisms with very large chromosomes that exhibit a
higher degree of compaction than the relatively small S.
cerevisiae chromosomes (which do not form obvious thread-
like structures in mitosis). For instance, the intervening
loops may be compacted further by an alternative conden-
sation mechanism. But a simpler explanation for the dif-
ference in compaction may lie in the frequency of
Mcd1p/Scc1p sites along a chromosome: if the sites are
spaced closely along yeast chromosomes, the intervening
loops will be small so that the degree of compaction will
be less than in the case of larger chromosomes with sites
spaced over longer distances. 
In the light of this model, it will be interesting to identify
yeast genomic sequences where Mcd1p/Scc1p-containing
complexes assemble. These are expected to be scattered
along the length of all chromosomes, and may occur about
five times more frequently than their counterparts in
larger chromosomes from other species. It is likely that
Mcd1p/Scc1p binds to chromatin by interacting with other
Figure 1
A model put forward by Guacci et al. [16] to explain how chromosome
condensation and cohesion can both be mediated by Mcd1p/Scc1p
and its associated proteins (such as Smc1p). Boxes represent protein-
bound cohesion/condensation sites. The inset represents a blowup of
one of these condensation/cohesion sites, highlighting the bound
proteins. See text for details.
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Figure 2
A portion of a lampbrush chromosome from the newt Notophthalmus
viridescens. (Photograph courtesy Joe Gall.)
DNA-binding proteins; Smc1p is certainly an excellent
candidate for such a protein. Strong chromatid cohesion
has been shown to occur at heterochromatin sites in some
eukaryotes [21]. In S. cerevisiae, however, telomeres are
the only heterochromatic sites present on every chromo-
some [22], and cohesion clearly also occurs at interstitial
and centromere proximal regions. Further characterization
of chromatin-binding and protein–protein interactions
engaged in by Mcd1p/Scc1p will likely provide a much
clearer understanding of cohesion and condensation. 
How might Mcd1p/Scc1p activity be regulated to allow
loss of cohesion during anaphase? Mcd1p/Scc1p can be
detected in late M phase, well after chromatids have
separated. Thus, APC-mediated degradation of
Mcd1p/Scc1p is unlikely to be the mechanism by which
the ‘glue’ between the chromatids breaks down. More
likely is a modification of Mcd1p/Scc1p that changes its
association with chromatin at anaphase. The protein does
indeed exist in two distinct forms, but the nature of the
differences between them remains to be determined [16].
Nevertheless, a change in the extent of some
Scc1p/Mcd1p modification is likely to be regulated by
APC-mediated degradation.
The identification of Scc1p/Mcd1p homologues in other
organisms indicates that the cytologically conserved
processes of mitotic condensation and cohesion may be
conserved at the molecular level as well. Scc1p/Mcd1p
shows strong sequence similarity to the Schizosaccharomyces
pombe Rad21 protein. S. pombe rad21 mutants display a
radiation-sensitive phenotype, presumably due to a defect
in DNA repair [23]. Although Rad21p has not been shown
to have a role in cohesion, it seems plausible that a break-
down in cohesion could interfere with efficient repair
simply by eliminating loss of proximity of the intact
chromatid — which provides the correct information for
repair — to its damaged sister. Consistent with this notion,
Guacci et al. [16] report that mcd1/scc1 strains are also radia-
tion sensitive.
Although it has been over 100 years since the mitotic dance
of the chromosomes first appeared, we are finally getting
an idea of how partners stay in step until the dance is over. 
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